Ku antigen is a complex of Ku70 and Ku80 subunits and plays an important role in not only DNA double-strand breaks (DSB) repair and V(D)J recombination, but also in growth regulation. Ku is generally believed to always form and function as heterodimers on the basis of in vitro observations. Here we demonstrate that the localization of Ku80 does not completely coincide with that of Ku70. Ku70 and Ku80 were colocalized in the nucleus in the interphase but not in the late telophase/early G1 phase of the cell cycle. Since the in vivo function of Ku might be partially regulated by the control of its transport, we attempted to investigate the molecular mechanisms underlying the nuclear translocation of Ku. The nuclear translocation of Ku80 started during the late telophase/ early G1 phase after the nuclear envelope was formed and this was preceded by the nuclear translocation of Ku70. Furthermore, we found that the Ku80 protein was transported to the nucleus without heterodimerization with Ku70. To understand in detail the mechanism of transport of Ku80, we attempted to identify the nuclear localization signal (NLS) of Ku80 and de®ned to a region spanning nine amino acid residues (positions 561 ± 569). The Ku80 NLS was demonstrated to be mediated to the nuclear rim by two components of PTAC58 and PTAC97. All these ®ndings support the idea that Ku80 can translocate to the nucleus using its own NLS independent of the translocation of Ku70.
Introduction
The Ku antigen is a complex composed of two subunits of 70 and 80 kDa which are designated as Ku70 and Ku80, respectively (Mimori et al., 1986) . The Ku70 and Ku80 genes were found to be distributed widely among eukaryotes. Both genes were mapped to regions of conserved linkage homology among mice, rats and humans (Cai et al., 1994; Koike et al., 1996a) . Ku was demonstrated to be a component of the DNAdependent protein kinase (DNA-PK) complex, which is a nuclear serine/threonine protein kinase (Lees-Miller et al., 1990; Gottlieb et al., 1993) . A large body of evidence obtained from in vitro studies suggests that DNA-PK is involved in the repair of DNA doublestrand breaks (DSB) and V(D)J recombination Jeggo et al., 1995) . Both Ku70-and Ku80-knockout mice which showed not only de®ciencies in DSB repair and V(D)J recombination, but also growth retardation, were generated recently (Nussenzweig et al., 1996; Gu et al., 1997; Ouyang et al., 1997) . Null knockout mice for the catalytic subunit (DNA-PKcs) of DNA-PK also showed de®ciencies in DSB repair and V(D)J recombination, but not growth retardation (Gao et al., 1998) . Recent reports demonstrates that Ku70 de®ciency facilitates neoplastic growth and suggests a novel role of the Ku70 locus in tumor suppression (Li et al., 1998) . These ®ndings strongly suggest that Ku may have some roles in growth regulation independent of the function of DNA-PK.
Previous in vitro ®ndings suggest that heterodimers of Ku70 and Ku80 bind to DNA more eciently than Ku70 monomers (Grith et al., 1992; Wu et al., 1996) . Both Ku70 and Ku80 are highly unstable when expressed individually (Satoh et al., 1995) . Loss of one of the Ku subunits results in a signi®cant decrease in the steady-state level of the other (Errami et al., 1996; Gu et al., 1997; Singleton et al., 1997) . These ®ndings strongly suggest that Ku70 and Ku80 function as heterodimers. Although leucine zipper-like motifs which are implicated in protein-protein interactions are reported to exist in Ku70 and Ku80, the role of these motifs, if any, remains to be determined. It was indicated that the putative leucine zipper motifs of Ku70 and Ku80 were not required for their heterodimerization, in yeast two-hybrid studies (Wu et al., 1996; Osipovich et al., 1997; Cary et al., 1998; Koike et al., 1998) . In addition, the interacting regions of Ku70 and Ku80 have not been shown to contain any motif previously reported to be necessary for protein-protein interactions (Koike et al., 1998) . Recently, it has also been shown that the two putative leucine zipper motifs identi®ed in Ku70 were not required for its heterodimerization with Ku80, using recombinant baculovirus-expressed proteins (Wang et al., 1998) .
Both subunits of Ku have been identi®ed as nuclear components by both cell fractionation and immunocytochemical techniques (Yaneva et al., 1986 (Yaneva et al., , 1991 Reeves, 1992; Wang et al., 1993; Reeves et al., 1994; Koike et al., 1998) , consistent with their functions as subunits of DNA-PK. On the other hand, although Ku has been thought to be localized and functioned only in the nucleus, several studies have reported cytoplasmic or cell surface localization of Ku proteins in various cell types (Prabhakar et al., 1990; Danziel et al., 1992; Reeves, 1992; Grawunder et al., 1996) . Furthermore, changes in the subcellular localization of Ku could be controlled by a variety of external growth-regulating stimuli (Le Romancer et al., 1994) . Prabhakar et al. (1990) pointed out that the amino acid sequence of Ku70 exhibits multiple peaks of hydrophobicity, of which at least one is large enough to qualify as a membrane-spanning element, and speculated that surface-bound Ku70 might participate in signal transduction. Recently, a somatostatin receptor gene has been cloned and identi®ed as the Ku80 gene (Le Romancer et al., 1994) , suggesting that Ku80 is also able to participate in cellular responses to external stimuli. Indeed, a somatostatin analog induced translocation of Ku80 from the cytosol to the nucleus in colon tumor cells (Tovari et al., 1998) . On the other hand, in CV-1 cells the subcellular localization of Ku80 was not aected by somatostatin-treatment (Fewell and Ku, 1996) . The nuclear translocation of Ku80 in the actions of somatostatin might depend on the cell type, although the mechanism of transport of Ku80 between the cytoplasm and nucleus has not yet been clari®ed.
In this study, we investigated that the subcellular localization and the nuclear translocation of Ku80 in human cells using a immunocytochemical analysis, and a transient expression system of chimeric constructs of Ku80 and enhanced green¯uorescent protein (EGFP). We found that Ku80 proteins were transported to the nucleus without forming heterodimers with Ku70 during the late telophase/early G1 phase of the cell cycle. Subsequent analysis of various portions of Ku80 and EGFP fusion proteins as well as of fusion proteins with glutathione S-transferase (GST)-green¯uorescent protein (GFP) revealed the minimum NLS as being composed of amino acid residues 561 ± 569. We also investigated the molecular mechanisms underlying the nuclear translocation of Ku80 in an in vitro system.
Results
A dierence in subcellular localization between Ku70 and Ku80 is observed at speci®c stages of the cell cycle In general, Ku is known to be present in abundance in the nucleus. Recently, we have con®rmed that Ku is localized in the nucleus as a heterodimer of Ku70 and Ku80 subunits in interphase cells (Koike et al., 1998) . On the other hand, accumulating evidence suggests that Ku is not only localized in the nuclei but also in the cytoplasm (Fewell and Ku, 1996; Grawunder et al., 1996) . Thus, we examined the cellular localization of the Ku70 and Ku80 proteins in HeLa-S3 cells using confocal laser scanning microscopy ( Figure 1A ). Double staining using antibodies speci®c for the Ku70 and Ku80 subunits, respectively, resulted in uorescence mainly in the nucleoplasm of almost all the interphase cells screened, as reported in previous studies (Reeves, 1985; Yaneva et al., 1985; Mimori et al., 1990; Koike et al., 1998) . However, in the course of our study, we found that the staining pattern of Ku80 did not completely coincide with that of Ku70 in some cells ( Figure 1A) .
Recently, we have shown that the distribution of Ku70 varies depending on the stage of the cell in the cell cycle (Koike et al., 1999) . To examine whether the dierence in distribution between Ku70 and Ku80 occurs at any speci®c stage of the cell cycle, dierences in the distribution of Ku80 at dierent stages of the cell cycle were examined. In telophase and late telophase cells, Ku80 protein was mainly detected in the cytoplasm (Figure 2Aa ,Ab). Ku80 staining was diusely dispersed throughout both the nucleus and cytoplasm in cells in late telophase to the early G1 phase (Figure 2Ac ) and dispersed mainly in the nucleus in early G1 phase and interphase cells (Figure 2Ad ,Ae). These observations indicate that the distribution of Ku80 also varies depending on the cell cycle stage. We next examined the precise cellular localization of the Ku70 and Ku80 proteins during the late telophase to interphase to clarify the above. Double staining using antibodies speci®c for the Ku70 and Ku80 subunits, respectively, showed that the staining pattern of Ku80 coincided with that of Ku70 in late telophase cells as well as in interphase cells (Figure 2Ba ,Bc), but not in some late telophase to early G1 phase cells ( Figure  2Bb ). The nuclear translocation of Ku70 preceded that of Ku80 (Figures 1, 2B) . These results suggest that the Nuclear transport of free Ku80 starts after the nuclear membrane is formed Reeves et al. (1997) showed localization of the heterodimer of Ku70 and Ku80 in the cytoplasm in telophase cells using both anti-Ku70/Ku80 antibody 162 (directed against the Ku70/Ku80 heterodimer and not at free Ku70 or Ku80) and anti-lamin B antibody (a nuclear envelope protein), suggesting that Ku70/ Ku80 heterodimer transport into the nucleus does not start until after the nuclear envelope is formed. Similar to the study by Reeves et al. (1997) , we examined here the timing of the nuclear transport of free Ku80 using antibodies against Ku80 and monoclonal antibodies against nucleoporin p62 (a nuclear pore complex protein). As seen in Figure 2C , double staining with these antibodies can demonstrate the relationship between the nuclear membrane (nuclear pore complexies) and the localization of Ku80. The Ku80 protein still localized in cytoplasm in the late telophase (Figure 2Ca ), started to accumulate in the nucleus in the late telophase to early G1 phase ( Figure  2Cb ), and was localized mainly in nuclei in the interphase (Figure 2Cc ). The results indicate that Ku80 protein accumulates in the nucleus after the nuclear membrane is formed.
Ku80 can translocate from the cytoplasm to the nucleus without binding with Ku70
On the basis of our above ®ndings, we speculated the possibility that some of Ku proteins are independently transported to the nucleus. To analyse the subcellular localization and nuclear translocation of human Ku80, we constructed fusion genes of EGFP and Ku80 under the control of the immediate early promoter of human cytomegalovirus (CMV). The expression vector of pEGFP-Ku80(1 ± 732) was transfected into two cell lines, HeLa-S3 and MCF-7. In the lysate of HeLa-S3 cells transformed with pEGFP-Ku80(1 ± 732), a strong signal from a protein of the expected molecular weight was detected by Western blotting using a rabbit antiKu80 polyclonal antibody (AHP317), indicating that EGFP-Ku80(1 ± 732) fusion protein could be successfully expressed in human cells ( Figure 3A ). Representative pro®les of the expressed fusion proteins as visualized by EGFP are shown in Figure 3B . The Ku80-EGFP fusion proteins were found in the nucleus of both HeLa-S3 and MCF-7 cells (Figures 3Ba and 4A), while EGFP alone was localized throughout the cell ( Figure 3Bb ). This agreed well with the results obtained by immunocytochemical analysis (Reeves, 1985; Yaneva et al., 1985; Mimori et al., 1986; Koike et al., 1998) . Since both Ku70 and Ku80 monomers are highly unstable compared to their heterodimers (Errami et al., 1996; Gu et al., 1997; Singleton et al., 1997) , we were interested in studying the nuclear translocation of Ku80 and its heterodimer partner Ku70. Osipovich et al. (1997) reported that mutations in Ku80 corresponding to amino acids 453 and 454 abolished its ability to interact with Ku70, using an in vitro binding assay and the yeast two-hybrid analysis. We ®rst examined whether the same mutations in the wild-type Ku80 abrogated the interaction with Ku70 in vivo. The expression vectors, pEGFP-Ku80(1 ± 732, A453H ± V454H) or pEGFP-Ku80(1 ± 732), were separately transfected into HeLa-S3 cells. We determined the amount of Ku70/Ku80 complexes in the lysates of the transformed HeLa-S3 cells by reciprocal immunoprecipitation using anti-Ku70 and -Ku80 antibodies Figure 3C ). When extracts of pEGFP-Ku80(1 ± 732) transformants were immunoprecipitated, wild-type Ku80 and EGFPKu80(1 ± 732) fusion proteins were immunoprecipitated with the anti-Ku70 antibody. In contrast, the EGFP-Ku80(1 ± 732, A453H ± V454H) fusion proteins were hardly detectable by immunoprecipitation with anti-Ku70 antibody. As shown in Figure 3C , when the extracts were immunoprecipitated using anti-Ku80 antibodies, wild-type Ku70, Ku80, and EGFPKu80(1 ± 732)-or Ku80(1 ± 732, A453H ± V454H)-fusion proteins were co-precipitated. These results indicate that the mutation of Ku80 at amino acids 453 and 454 abolished its ability to interact with Ku70 in vivo. When pEGFP-Ku80(1 ± 732, A453H ± V454H) was introduced into HeLa cells, the mutant fusion protein (EGFP-Ku80(1 ± 732, A453H ± V454H)) accumulated within the nuclei of the transfected cells ( Figure 3D ) as did the normal fusion protein, EGFPKu80(1 ± 732) ( Figure 3Ba ). These results indicate that Ku80 can translocate from the cytoplasm to the nucleus without binding with Ku70. Thus, we focused our attention on the nuclear localization signal of Ku80.
Region of Ku80 required for nuclear localization
To determine the region of Ku80 required for nuclear localization, deletion mutants of Ku80 were constructed in the expression vector pEGFP-C2 and transfected into HeLa-S3 cells. Fusion proteins with various deletions in the C-terminal portion of Ku80, i.e., EGFP-Ku80(1 ± 502), EGFP-Ku80(1 ± 373) and EGFP-Ku80(1 ± 212) showed no apparent nuclear localization ( Figure 4B ± D) . Deletion of the Nterminal portion did not aect the nuclear localization of EGFP-Ku80 fusion proteins ( Figure 4E ). These results indicate that the NLS is localized in the Cterminal region. To further de®ne the NLS of Ku80, various fragments of cDNA of Ku80(491 ± 732) were ampli®ed by polymerase chain reaction (PCR) and ligated into the expression vector pEGFP-C2. The chimeric constructs were introduced into HeLa-S3 cells, and their localization was examined (Figure 5A ± E). As expected, the fusion protein, EGFPKu80(491 ± 732), which can not dimerize with Ku70 (Cary et al., 1998) clearly localized in the nucleus ( Figure 5A ), in accordance with the result of pEGFPKu80(1 ± 732, A453H ± V454H) ( Figure 3D ). Deletion of the 3' end of Ku80 between amino acid residues 655 and 732 still allowed their localization in the nucleus ( Figure 5B ). The deletion of amino acid residues between 491 and 557 in Ku80 also allowed localization to the nucleus ( Figure 5C ). In contrast, further deletion between amino acid residues 558 and 588 resulted in both nuclear and cytoplasmic localization ( Figure 5D ). In addition, fusion proteins with further deletions at the N-and C-terminal portions of EGFPKu80(558 ± 732), i.e., EGFP-Ku80(575 ± 654), resulted in both nuclear and cytoplasmic localization ( Figure  5E ). These results indicate that the Ku80 NLS is located between 558 and 574. The NLS identi®ed so far contains a cluster of basic amino acids. The candidate for the NLS of Ku80 was found to contain a cluster of basic amino acids (between 565 and 568 (KKLK)). In addition, the domain is highly conserved among mammalian (mice, Syrian hamsters and Chinese hamsters) homologues of human Ku80, suggesting that the domain is important for nuclear localization activity ( Figure 6 ). Accordingly, we focused our attention on this cluster of basic amino acids.
Determination of the NLS of Ku80
To con®rm the nuclear translocation activity of Ku80(558 ± 574) directly, we examined the fate of puri®ed recombinant protein of GST-Ku80(558 ± 574)-GFP microinjected into the cytoplasm of HeLa-S3 cells as described previously (Ikuta et al., 1998) . The GSTKu80(558 ± 574)-GFP fusion protein showed ecient nuclear localization within 30 min incubation at 378C ( Figure 7A ), con®rming that the fragment serves as the NLS. Figure 7 shows a schematic representation of human Ku80(558 ± 574), which includes the cluster of basic amino acids. To determine whether the basic amino acids between Lys 565 and Lys 568 are essential for nuclear translocation, we constructed the GST-GFP fusion protein, GST-Ku80(558 ± 574, D565 ± 568)-GFP.
First, this fusion protein was puri®ed and microinjected into the cytoplasm of HeLa-S3 cells. As shown in Figure 7B , GST-Ku80 (558 ± 574, D565 ± 568)-GFP did not translocate to the nucleus, showing that the basic amino acids between Lys 565 and Lys 568 are essential for the nuclear translocation of Ku80. Next, when only Lys 565 or Lys 568 was deleted from Ku80 (558 ± 574) and microinjected into the cytoplasm of HeLa-S3 cells, GST-Ku80(558 ± 574, D565)-GFP and GST-Ku80(558 ± 574, D568)-GFP showed both nuclear and cytoplasmic localization ( Figure 7C, D) . These results indicated that both amino acids 565 and 568 are essential for the full NLS activity. To determine the minimum length of the NLS of Ku80, we constructed GST-GFP fusion protein containing a series of deleted fragments from Ku80(558 ± 574) (Figure 8 ). These fusion proteins were puri®ed and microinjected into the cytoplasm of HeLa-S3 cells. When an amino acid residue from His 558 to Gly 572 were deleted one by one from Ku80(558 ± 574) and microinjected into the cytoplasm of HeLa-S3 cells, GST-Ku80(558 ± 574, D558)-GFP, GST-Ku80(558 ± 574, D559)-GFP, GST-Ku80(558 ± 574, D560)-GFP, GST-Ku80(558 ± 574, D570)-GFP, GST-Ku80(558 ± 574, D571)-GFP and Ku80(558 ± 574, D572)-GFP showed nuclear localization ( Figure 8A ± C, and I ± K). However, GST-Ku80(558 ± 574, D561)-GFP, GSTKu80(558 ± 574, D562)-GFP, GST-Ku80(558 ± 574, D563)-GFP, GST-Ku80(558 ± 574, D564)-GFP, and Ku80(558 ± 574, D569)-GFP were localized either only in the cytoplasm ( Figure 8D ± G) or in both nucleus and cytoplasm ( Figure 8H ). These results indicate that the minimum length of the NLS of Ku80 was located within a region spanning nine amino acid residues (positions 561 ± 569). From these ®ndings, we concluded that the NLS of Ku80 could be classi®ed as the conventional single-basic type.
NLS of Ku80 interact with PTAC58 and PTAC97 to target to the nuclear pore
We next investigated whether the NLS of Ku80 was recognized by the two components of the nuclear poretargeting complex, PTAC58 and PTAC97. To evaluate the involvement of these factors in the nuclear targeting process, we analysed various recombinant fusion proteins of GST-Ku80-GFP using an in vitro nuclear transport assay system ( Figure 9 ). We used the fusion protein of the NLS of the SV40 T-antigen and GFP (GST-NLSc-GFP) as the control substrate, and observed clear targeting to the nuclear rim when this protein was incubated with puri®ed PTAC58 and Figure 8 Determination of the minimum length of the NLS of human Ku80 by microinjection. The basic region of Ku80(558 ± 574) was examined by microinjecting recombinant GST-Ku80-GFP proteins into HeLa-S3 cells as described in the legend for Figure 7 . (A) GST-Ku80(558 ± 574, D558)-GFP; (B) GSTKu80(558 ± 574, D559)-GFP; (C) GST-Ku80(558 ± 574, D560)-GFP; (D) GST-Ku80(558 ± 574, D561)-GFP; (E) GSTKu80(558 ± 574, D562)-GFP; (F) GST-Ku80(558 ± 574, D563)-GFP; (G) GST-Ku80(558 ± 574, D564)-GFP; (H) GSTKu80(558 ± 574, D569)-GFP; (I) GST-Ku80(558 ± 574, D570)-GFP; (J) GST-Ku80(558 ± 574, D571)-GFP; (K) GSTKu80(558 ± 574, D572)-GFP Figure 6 Comparison of the NLS of human Ku80 with the corresponding regions of mouse, Chinese hamster, and Syrian hamster homologues. The shaded areas indicate basic amino acids Figure 7 Analysis of the basic region of Ku80(558 ± 574). Anity-puri®ed recombinant protein GST-Ku80-GFP was microinjected into the cytoplasm of HeLa-S3 cells. After incubation at 378C for 30 min, the cells were ®xed, and the localization of the microinjected protein was examined bȳ uorescent microscopy. (A) GST-Ku80(558 ± 574)-GFP; (B) GST-Ku80(558 ± 574, D565 ± 568)-GFP; (C) GST-Ku80(558 ± 574, D565)-GFP; (D) GST-Ku80(558 ± 574, D568)-GFP Nuclear translocation of Ku M Koike et al PTAC97 (data not shown). This result con®rmed that these recombinant proteins can be good substrates for this assay as well. The incubation of GST-Ku80(558 ± 574)-GFP with both PTAC58 and PTAC97 resulted in targeting of the recombinant protein to the nuclear rim ( Figure 9C ). These results suggested that the inserted fragment of Ku80(558 ± 574) was recognized by these factors, as was the NLS of the SV40 T-antigen (GSTNLSc-GFP). In contrast, GST-Ku80(558 ± 574)-GFP did not localize at the nuclear rim when incubated with only either PTAC58 or PTAC98 (data not shown). As shown in Figure 9G , the accumulation of the mutant protein Ku80(558 ± 574, D565 ± 568) to the nuclear rim following incubation with PTAC58 and PTAC97 was markedly diminished. This de®ciency of nuclear localization of this mutant of Ku80 NLS may be explained in part by the reduction in interaction between the mutated NLS and the NLS receptor, PTAC58 and PTAC97.
Discussion
It has been debated as to whether Ku is transported to the nucleus in a heterodimeric form or in a monomeric form. Reeves et al. (1997) have reported that dimerization of Ku70 carrying the putative NLS with putative NLS-less Ku80 led to nuclear transport of Ku80, suggesting that Ku70 can mediate the nuclear localization of Ku80. On the other hand, Wang et al. (1994) showed that recombinant human Ku80 was transported to the nucleus, and speculated that Ku80 could translocate to the nucleus without binding with Ku70. However, they could not completely exclude the possibility that the nuclear transport of Ku80 was mediated by dimerization with endogenous rabbit Ku70. As described in this paper, amino acid residues 561 ± 569 of Ku80 were needed for the nuclear localization (Figures 4, 5, 7 and 8) , and NLS (amino acids 561 ± 569)-less Ku80 (EGFP-Ku80(1 ± 502)), which can still dimerize with Ku70 (Osipovich et al., 1997; Koike et al., 1998) did not translocate to the nucleus ( Figure 4B ). Furthermore, Ku80 mutants (pEGFP-Ku80(1 ± 732, A453H ± V454H) and pEGFPKu80(491 ± 732)) which lacks the ability to bind to Ku70 ( Figure 3C and Cary et al., 1998) accumulated within the nuclei of the transfected cells ( Figures 3D  and 5A ) as did the normal fusion protein, EGFPKu80(1 ± 732) ( Figure 3B ). In addition, the staining pattern of Ku80 did not completely coincide with that of Ku70 at any time during the cell cycle ( Figure 2B ). These results clearly indicate that Ku80 can be transported to the nucleus without forming a heterodimer with Ku70. In this study, we have demonstrated that nuclear translocation of Ku70 precedes that of Ku80 in late telophase/early G1 phase cells ( Figure 2B) . Moreover, Fewell and Ku, (1996) reported that the subcellular localization of Ku70 was aected by somatostatin treatment in CV-1 cells, but that of Ku80 was not. These results suggest that the transport of Ku70 and Ku80 is regulated independently. In recent studies using knock-out mice, inactivation of Ku70 resulted in a phenotype distinct from that of Ku80 (Nussenzweig et al., 1996; Gu et al., 1997; Ouyang et al., 1997; Li et al., 1998) . Fibroblasts derived from Ku70-knockout mice exhibit signi®cantly higher frequencies of sister chromatid exchanges and spontaneous neoplastic transformation relative to wild-type controls (Li et al., 1998) . In addition, Ku70-knockout mice spontaneously developed thymic and disseminated T cell lymphomas (Li et al., 1998) . However, to date the propensity for lymphoma development has not been reported in Ku80-knockout mice (Nussenzweig et al., 1996; Zhu et al., 1996; Taccioli et al., 1998) . These results suggest that Ku70 and Ku80 may have unique functions independent of each other.
Nuclear transport of proteins across nuclear pore complexes is generally selective and signal-dependent. Classical' nuclear localization sequences are generally classi®ed into two types, the single-basic type and the bipartite-basic type (Gorlich and Mattaj, 1996) . In this study, we observed that the Ku80(558 ± 574)-GFP fusion protein showed ecient nuclear localization, con®rming that this fragment (558 ± 574) serves as the NLS ( Figure 7A ). We evaluated the role of this NLS region in nuclear transport as follows. Microinjection of the deletion mutant of the basic region (Ku80(558 ± 574, D565 ± 568)), resulted in complete absence of nuclear transport of the product ( Figure 7B ). When mutants with a deletion of the ®rst (Lys 565 ) or last basic amino acid (Lys 568 ) were analysed, the products were Figure 9 Analysis of Ku80(558 ± 574) by an in vitro nuclear transport assay. GST-Ku80 (558 ± 574)-GFP (A ± D) and GSTKu80(558 ± 574, D565 ± 568)-GFP (E ± H) were incubated with buer only (A,B,E,F), or with PTAC58 and PTAC97 (C,D,G,H) as described in Materials and methods. (A,C,E,G),¯uorescence; (B,D,F,H) , phase-contrast localized in both the cytoplasm and the nucleus ( Figure  7C,D) , i.e., incomplete nuclear localization was observed, suggesting that the amino acids deleted in these mutants were necessary for full NLS activity. Taken together, our present ®ndings show that the NLS of Ku80 belonged to the single-basic type of NLS. Furthermore, as shown in Figure 6 , the alignment (C-terminal basic amino acids) of Ku80 homologues shows signi®cant conservation of this domain among mammals (humans, mice, Syrian hamsters, and Chinese hamsters). Such conservation indicates that this domain of Ku80 may be very important for the function of Ku80.
Although the association of importin-a (PTAC58) and importin-b (PTAC97) with the NLS of the SV40 T-antigen has been investigated extensively ( Vandromme et al., 1996) , not much is known about the NLSs of other nuclear proteins. The Ku80 NLS was recognized by the two components PTAC58 and PTAC97, of the nuclear targeting complex, and the protein was targeted to the nuclear rim ( Figure 9C ). On the other hand, the Ku80 mutant NLS with deletion of the basic amino acid cluster (Ku80(558 ± 574, D565 ± 568)) was not targeted to the nuclear rim even in the presence of PTAC58 and PTAC97 ( Figure  9G ). This con®rmed the requirement of these basic amino acids in the ®rst step of nuclear localization. The recognition of NLS by its receptor would be necessary to bring the nuclear proteins to the nuclear pore. The aforementioned observations suggest that PTAC58 (importin-a) can recognize the single-basic type of Ku80 NLS. However, we cannot exclude the possibility that the NLS of Ku80 may have its own receptor for nuclear pore-targeting in vivo. In fact, some PTAC58 family proteins are identi®ed in higher eukaryotes, e.g., Rch1 and NPI-1, which have about 50% amino acid identity with each other (Yoneda, 1997 ).
There appears to be a variety of highly speci®c cellular mechanisms regulating NLS-dependent nuclear protein transport, such as direct NLS masking by phosphorylation (Jans, 1995) . Phosphorylation of a casein kinase II site near the NLS of the SV40 Tantigen increased the rate of nuclear translocation (Jans, 1995) . On the other hand, the NLS-dependent nuclear transport of lamin B2 was inhibited by phosphorylation at the PKC site N-terminally adjacent to the NLS (Hennekes et al., 1993) . Interestingly, Ku80 possesses three putative phosphorylation sites, two for casein kinase II (amino acid residue 549 and 580) and one for protein kinase C (amino acid residue 563), in the vicinity of the NLS, suggesting that signal-transduction-responsive kinases probably speci®cally regulate the nuclear transport of Ku80. Furthermore, the two phosphorylation sites for casein kinase II are highly conserved among mammalian (mice, Syrian hamsters, and Chinese hamsters) homologues of human Ku80, suggesting that the domain is important for nuclear localization. Although the deletion of both the casein kinase II phosphorylation sites did not aect the nuclear localization of human Ku80 NLS ( Figure 7A ), further studies are needed to clarify whether the phosphorylation of these sites plays some role in the regulation of the nuclear transport of intact Ku80 protein.
As discussed above, nuclear translocation of Ku70 and Ku80 are independently regulated and the structure of the NLSs of both the Ku protein subunits are quite dierent, and the NLSs of Ku80 and Ku70 belong to the single-basic type and a variant bipartitebasic type, respectively ( Figure 6 and Koike et al., 1999) . Thus, the nuclear translocation of Ku70 and Ku80 may be regulated by binding with dierent NLS receptors. Indeed, recently, a number of NLS receptors have been identi®ed (Yoneda, 1997) and the existence of at least three structurally and functionally distinct NLS receptors was reported in a human single cell population (Miyamoto et al., 1997) . Thus, we speculate that the nuclear translocation of Ku proteins might be controlled (at least in part) at the NLS recognition step, and that this might be regulated by NLS receptors with various speci®cities in vivo. Search is now underway for the in vivo receptors of Ku70 and Ku80. Further studies to elucidate the molecular mechanisms of nuclear transport will lead to a better understanding of the physiological functions of the Ku protein.
Materials and methods

Cell cultures
The well-established cell lines of human tumors, HeLa-S3 (which is lacking active p53) and MCF-7 (which have a wildtype p53) were cultured in DMEM (Nissui Seiyaku Co., Tokyo, Japan) supplemented with 10% fetal bovine serum (Koike et al., 1993) . Cells were maintained in a watersaturated 378C incubator with 5% CO 2 . Both cell lines were provided by the Japanese Cancer Research Resources Bank (Tokyo, Japan).
Immuno¯uorescence staining and confocal laser scanning microscopy
Immuno¯uorescence staining was performed as previously described (Koike et al., 1998) . In brief, cells were grown on Lab-Tek chamber slides (Nunc Inc., Naperville, IL, USA), washed with PBS, and ®xed at room temperature. The ®xed cells were ®rst blocked for 30 min in a blocking solution and then incubated for 30 min at room temperature with mouse monoclonal anti-ku70 antibody (N3H10) (NeoMarkers, Fremont, CA, USA), goat polyclonal anti-Ku70 antibody (M-19) (Serotec, Oxford, UK), mouse monoclonal anti-Ku80 antibody (S10B1) (NeoMarkers) or rabbit anti-Ku80 polyclonal antibody (AHP317) (Serotec, Oxford, UK). After washings with PBS, antibody binding were detected by the application of FITC-(Cappel Laboratories, Durham, NC, USA) and Rhodamine-conjugated secondary antibodies (Chemicon, Temecula, CA, USA). DNA was stained with 0.025 mg/ml 4,6-diamino-2-phenylindole (DAPI)¯uorescent dye (Boehringer Mannheim, Mannheim, Germany) or with 50 mg/ml propidium iodide (PI) containing 200 mg/ml RNase (Sigma, St Louis, MO, USA). The cell cycle phases of HeLa-S3 cells ®xed on a slide were determined using a laser scanning cytometer LSC101 (Olympus, Tokyo, Japan) on the basis of the DNA content according to the manufacturer's instructions, as previously described (Koike et al., 1999) . The distribution of¯uorescent signals were monitored by Tokyo, Japan) or by CSU10 (Yokogawa, Tokyo, Japan) confocal laser scanning microscope images. Excitation intensities of two or three¯uorescent dyes were crosscorrected. Confocal images were assembled using Adobe Photoshop 4.0. 
Plasmid construction
The derivation of cDNA for human Ku80 has been described previously (Koike et al., 1998) . The insert was digested with EcoRI and BamHI and subcloned into the EcoRI-BamHI sites of the vector pEGFP-C2 (Clontech, Palo Alto, CA, USA). The amino-terminal of the EGFP-Ku80 expression vector was generated by PCR using a Ku80 cDNA vector and a LA PCR Kit ver.2 (Takara Shuzo, Kyoto, Japan) with a speci®c set of primers to generate an arti®cial EcoRI site at the 5'-end. The sequences of the primers used were as follows; 5'-GGAATTC-CACATGGTGCGGTCGGGGAATAAGGCA-3' and 5'-CATCCAACCCATCTTCACCTTCTAAAGATATCATC-3'. An EcoRI-EcoRV fragment of this product was subcloned into the same sites of a Ku80 cDNA fragment. This vector was termed`pEGFP-Ku80(1 ± 732).' C-terminal deletion mutants of Ku80 were obtained as follows. pEGFP-Ku80(1 ± 732) was cleaved with BamHI and SmaI, PstI, or EcoRV. These were ligated to generate pEGFP-Ku80(1 ± 502), pEGFP-Ku80(1 ± 373), or pEGFP-Ku80(1 ± 212). N-terminal deletion mutants of Ku80 were obtained as follows. The pGAD424-Ku80(135 ± 732) was cleaved with EcoRI and BamHI and gel-puri®ed. Ku80 EcoRI-BamHI fragments (135 ± 732) were then subcloned into EcoRI-and BamHI-digested pEGFP-C2. Various portions of Ku80 cDNA were ampli®ed by PCR using the vector as a template and LA PCR Kit ver.2 (Takara) with speci®c sets of primers to generate arti®cial EcoRI and BamHI sites at the 5'-and 3'-end, respectively. After being cleaved with EcoRI and BamHI, the fragments were ligated to the EcoRI and BamHI sites of pEGFP-C2 vector to produce the in-frame fusion gene.
To obtain speci®c substitution of amino acid residues, the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was used according to the manufacturer's recommendations. The sequences of the primers used for the preparation of Ku80 mutant fragments were as follows; SMF1, CCG AGG CAC AGT TGA ATC ATC ATG ATG CTT TGA TTG ACT CC and SMF2, GGA GTC AAT CAA AGC ATC ATG ATG ATT CAA CTG TGC CTC GG. This vector was termed`pEGFP-Ku80(1 ± 732, A453H ± V454H).' The PCRderived part was con®rmed by sequencing with an automatic DNA sequencer using an Applied Biosystems PRISM Dye Primer Cycle Sequencing FS Ready Reaction Kit (PerkinElmer). pEGFP-C2 vector was used as a speci®city control.
To construct GST-Ku80-GFP fusion genes, the GST-GFP2 cassette vector was prepared as described previously (Ikuta et al., 1998) . After being annealed, the fragments were ligated to EcoRI and BamHI sites of GST-GFP2 vector. The GST-NLSc-GFP construct, which contained the core sequence of the NLS of SV40 T-antigen (Kalderon et al., 1984) , was prepared as described previously (Ikuta et al., 1998) . The junctions of all the constructs were veri®ed by sequencing.
Transfection of DNAs into HeLa-S3 and MCF-7 cells
Cells were plated on a 6-well dish (Falcon, Lincoln Park, NI, USA) at a density of 3610 5 cells/well the night before transfection. Transfection was performed in serum-free medium using Lipofectin (Gibco-BRL, Gaithersburg, MI, USA) as recommended by the manufacturer's protocol. DNA was stained with 0.025 mg/ml of DAPI¯uorescent dye (Boehringer Mannheim, Mannheim, Germany). After incubation, the cells were ®xed in 4% paraformaldehyde in 0.2 M phosphate buer (pH 7.4), and examined under a¯uorescent microscope to determine localization.
Immunoblotting
The immunoblotting analysis was performed by slight modi®cations of a previously described method (Koike et al., 1994 (Koike et al., , 1995 . In brief, total lysates from cells were boiled, cleared by centrifugation, electrophoresed on 5 ± 15% SDSpolyacrylamide gels, and electro-transferred onto Immobilon-P membranes (Millipore, Bedford, MA, USA). After the blocking of non-speci®c binding sites with 1% bovine serum albumin, the membranes were incubated with rabbit antiKu80 polyclonal antibody (AHP317) diluted 1 : 5000 and anti-sera of a Japanese patient OM (which contained both anti-Ku70 and -Ku80 antibodies) diluted 1 : 1000 for 30 min. The corresponding proteins were visualized by a ProtoBlot Western Blot AP System (Promega, Madison, WI, USA) according to the manufacturer's instructions.
Immunoprecipitation
Immunoprecipitation was performed as previously described (Koike et al., 1996b) . The Ku products were immunoprecipitated with the above-mentioned antibodies (anti-Ku70 monoclonal antibody (N3H10) or rabbit anti-Ku80 polyclonal antibody (AHP317)) in combination with protein ASepharose (Pharmacia, Uppsala, Sweden). They were subjected to 5 ± 15% SDS-polyacrylamide gel electrophoresis (PAGE), transferred to membranes and immunoblotted as described above.
Preparation of GST-Ku80-GFP fusion proteins
The GST-Ku80-GFP vectors described above were introduced into the E. coli strain BL21. The puri®cation of expressed GST-Ku80-GFP fusion proteins was carried out as described previously (Ikuta et al., 1998) . The puri®ed proteins were dialysed against 20 mM HEPES buer, pH 7.3, containing 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, and 1 mM EGTA.
Microinjection into cytosol of HeLa-S3 cells
The microinjection experiments were performed essentially as described previously (Ikuta et al., 1998) . Various GST-Ku80-GFP fusion proteins were injected into the cytoplasm of HeLa-S3 cells. After microinjection, the cells were incubated at 378C for 30 min before ®xation with 4% formaldehyde. The localization of the fusion protein was examined bȳ uorescent microscopy.
Recombinant expression and puri®cation of PTAC58 and PTAC97
Recombinant PTAC58 and PTAC97 (Imamoto et al., 1995a) were expressed in BL21 as GST fusion proteins as described previously (Imamoto et al., 1995b) . The fusion proteins were puri®ed using glutathione-Sepharose anity chromatography. Finally, recombinant proteins of PTAC58 and PTAC97 were obtained by cleavage with thrombin to release the GST portion.
Cell-free import assay
Digitonin-permeabilized MDBK cells were prepared as described previously (Ikuta et al., 1998) based on the method of Adam et al. (1990) . The testing solution (10 ml) consisted of various GST-Ku80-GFP vectors and transport buer (20 mM HEPES, pH 7.3, 110 mM potassium acetate, 2 mM magnesium acetate, 5 mM sodium acetate, 1 mM EGTA, and 2 mM dithiothreitol) containing 1 mg/ml each of aprotinin, leupeptin, and pepstatin. The nuclear rim targeting assay was performed by the addition of puri®ed recombinant PTAC58 and/or PTAC97 proteins to the testing solution, followed by incubation at 48C for 30 min. After the incubation, the cells were ®xed with 4% formaldehyde, and the localization of GST-Ku80-GFP fusion proteins was examined under a¯uorescent microscope.
